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The use of a laser to induce oscillations of an atomic force microscopy cantilever provides a way to excite
the dynamics of the system in a very controlled manner. This excitation scheme has been used to obtain
reliable self-sustained oscillations, in air and in liquid environments, and to implement an additional
control loop leading to a soft, low-interaction, working mode. The dynamics of the oscillating cantilever
has been characterized, both theoretically and experimentally, and the effectiveness of the approach has
been verified on a test sample.VC 2011 American Institute of Physics. [doi:10.1063/1.3665396]
I. INTRODUCTION
Since its invention in 1986,1 atomic force microscopy
(AFM) has been unceasingly improved in many aspects and the
efforts of the scientific community have led to the introduction
of new and attractive working modes and technical solutions,
aimed at enhancing the imaging speed,2 reducing the interac-
tion strength with the sample,3 or measuring additional physical
parameters during the scan.4–6 In recent years, the attention was
pointed at exploiting the intrinsic dynamics of the probing sys-
tem (the cantilever) to attain even more sophisticated imaging
modes.7,8 Among them, implementations based on self-
excitation of the probe (self-driven AFM, SD-AFM) showed
the ability to boost the sensitivity of the system9 and thus they
were successfully applied in sensor and, in particular, bio-
sensor applications. Nevertheless, such excitation techniques
would also play a crucial role in the development of soft imag-
ing modes required for biological applications.10 However, the
implementation scheme typically adopted for SD-AFM, based
on a constant-excitation circuit leading to frequency-
modulation detection,11 did not prove to be sufficiently stable
and reliable compared to the standard constant-amplitude
approach.12 Recently, a new strategy, called auto-tapping (AT),
that combines the benefits of both constant-amplitude and self-
driven excitation, has been proposed.13 The possibility of
obtaining high image quality in combination with weaker-tip-
sample interactions has been verified in air using an additional
feedback system (AT with saturation control, ATC, Ref. 14),
but, to be effective for biological imaging, the validity of this
approach should be verified in a liquid environment. We tested
the possibility of obtaining a straightforward implementation of
ATC in water but the presence of the so-called “forest of
peaks”15 in the oscillation spectrum of the cantilever induces a
coupling between the modes that strongly interferes with the
self-driven dynamics, often spoiling the experimental session.
To port the benefits of ATC to a liquid environment, in
this work a specific optical excitation of the cantilever (opt-
ing mode) has been employed. In fact, the standard tapping
mode induces the oscillation by means of an acoustical wave
generated far from the cantilever by a small dither piezo,
thus eliciting several modes, not belonging to the cantilever
dynamics, that couple together in the presence of a liquid
medium.16 The same does not occur when using a laser
directly focused on the back of the cantilever. The physics of
the interaction between an amplitude modulated laser and
the AFM cantilever has been quite extensively studied17–21
and it has been applied to sensing and imaging applications,
in air22 and in liquid.23–25 The advantage of using SD-AFM
modes with respect to standard constant amplitude is even
enhanced by using optical excitation but its implementation
in water is somewhat tricky, because of the strong loss of ex-
citation efficiency of the photo-thermal effect in a liquid
environment. This drawback has been circumvented in sens-
ing applications26 where the acquisition time is not a con-
straint, but the same strategy cannot be adopted for imaging
applications without heavily decreasing the scan speed.
In this paper, we test the feasibility of SD-AFM with op-
tical excitation (auto-opting, AO), and we present an imple-
mentation of the ATC algorithm, called auto-opting with
saturation control (AOC), both in air and liquid environ-
ments. The experimental setup is described in Sec. II,
whereas measurement results in air and in water are reported,
respectively, in Secs. III and IV, with a comparison to the
theoretical expectations. In Sec. V, the results are summar-
ized and discussed.
II. EXPERIMENTAL SETUP
The experimental setup used for the measurements is based
on a homemade AFM,20 with a 200lm 200lm 20 lm
piezo scanner (P527 by Physik Instrumente) and a detection sys-
tem based on the standard optical beam deflection method
(OBDM) implemented using a 635-nm red laser diode (LQB-
2S-635 by World Star Tech) and a four-quadrants detector
(SD197-23-21-041 by Advanced Photonix). The mechanical
head is mounted under an optical microscope (FS60 by Mitu-
toyo) useful to visualize the cantilever and to align the OBDM
laser on it. The auxiliary port of the same microscope on thea)Electronic mail: paolo.paoletti@fi.isc.cnr.it.
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back of the cantilever is suitable to focus the excitation laser, an
intensity modulated infrared diode with 880-nm wavelength
(SDL2412-7690 by Spectra Diode Labs) coupled with the sys-
tem through an optical fiber.
Figure 1 presents a scheme of the whole experimental
setup where an excitation laser is focused on the back of the
AFM cantilever. The dashed blocks are related to the self-
oscillation (AO electronics) and to the additional feedback
loop (threshold controller). AO electronics is composed by a
variable gain amplifier and an OPA 698 IC that performs a
linear amplification of the AC component of the deflection
signal and a bipolar clipping with adjustable threshold
(driven by the threshold controller). The conversion of the
fast oscillating signal into a stationary amplitude information
is done in commercial systems by means of a lock-in ampli-
fier tuned at the driving frequency. In SD-AFM, the system
lacks a reference frequency and thus this circuit has been
replaced by a fast peak detector whose output is fed to the
standard PI controller, generally used to keep constant the
oscillation amplitude (i.e., the tip-sample distance) during
the raster scan of the sample.
The signals were acquired and conditioned using a
multi-function data acquisition board (PCI 6259 by National
Instruments) installed on a general purpose PC running a
Linux distribution patched for real-time operations using
real-time application interface (RTAI). The controller pro-
gram was developed using the RTAI lab code generator tool
chain based on SimulinkTM and Real Time WorkshopTM
(Mathworks). The experiment was remotely managed via
ethernet using a custom developed graphic user interface in
WindowsTM.27,28
III. AO AND AOC IMAGING IN AIR
Figure 2 shows in solid the oscillation spectrum of the
cantilever using photothermal excitation in air. The experi-
mental data have been obtained using a pretty soft cantile-
ver29 (CSG10 by NT-MDT) whose dynamics in AO has
been theoretically studied in a previous work.20 The system
shows a first resonance at  ’ 21:4 kHz, with Q ’ 45 that is
well fitted by the theoretical model (dashed curve), taking
into account the physics of the optical excitation20 (see the
calculations reported in the Appendix).
Far from the sample, the free oscillation amplitude B0
depends linearly on the saturation threshold s. On the other
hand, when the cantilever gets closer to the sample surface,
the instantaneous oscillation amplitude BðtÞ shows a linear
relationship with the mean distance from the sample, thus
it is also possible to exploit the same controller used in
classical amplitude-modulation schemes for self-sustained
oscillations (AO).13 Moreover, biological imaging applica-
tions require the interaction to be kept as weak as possible
to avoid damaging soft samples. This goal can be achieved
in classical amplitude modulation techniques by choosing
the setpoint Br of the actuator piezo PI controller close to
the free oscillation amplitude B0. However, this in turn can
worsen the image quality. In fact, if the sample topography
presents a steep descending edge, the oscillating tip can
jump over the step, losing contact. During this transient,
the oscillation amplitude goes to B0 and the error (the input
of the feedback) attains its maximum value, B0  Br, that
is a small quantity in a low-interaction setting. In this sit-
uation, the proportional gain of the feedback is almost inef-
fective and the recovery of the contact with the sample is
entrusted only to the integral gain of the PI controller, thus
leading to a slow decrease. Taking into account that the in-
tegral gain cannot be increased without destabilizing the
control loop once newly in contact, the sole viable
approach is reducing the scanning speed to compensate for
this effect.
A possible approach to overcome this drawback has
been proposed by the authors for acoustical self-excited
systems.14 This solution exploits the additional degree of
freedom provided by the variable threshold controller of
auto-tapping to dynamically adapt the free oscillation ampli-
tude so that the ratio BðtÞ=B0 remains constant. Note that this
is the same goal of the actuator piezo PI controller, but vary-
ing the saturation threshold does not involve any mechanical
FIG. 1. (Color online) Experimental setup
schematic.
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components and therefore the bandwidth of this control
action is much higher than the one achievable with piezo-
electric stages. Because of this, one is then allowed to use Br
closer to B0 without falling into the above-mentioned phe-
nomenon. A control law for the threshold controller is then
defined as follows:
sðtÞ ¼ s0  K

satðBr  BðtÞÞ Br  BðtÞ  0
s0  KþsatðBr  BðtÞÞ Br  BðtÞ < 0

;
where sðtÞ represents the instantaneous saturation threshold
and s0 its default value, i.e., the one correponding to the free-
oscillation amplitude B0. K
6
sat are gains that should satisfy
Ksat < s0=Br  Kþsat. Two different gains for approach and
retract phases are introduced for dealing with two different
control goals.14 In fact, during the approach phase
(BðtÞ < Br) the controller gain Ksat must be kept small for
not turning off the oscillations and, at the same time, it can
be useful for reducing the mean interaction force by enforc-
ing BðtÞ=B0 close to the unitary value. On the other hand,
during the retract phase (BðtÞ > Br) the oscillation amplitude
should be increased as fast as possible, thus using high val-
ues for Kþsat.
Figure 3 reports an image comparing the performance of
AO and AOC in air. The horizontal line indicates the posi-
tion at which the saturation controller is manually excluded,
during the scan, switching from AOC to AO. The free-
oscillation amplitude was set to about B0 ¼ 40 nm, the set-
point to Br ¼ 35 nm (Br=B0 ¼ 0:875), and the scanning rate
was set to 2 lines/s. The saturation threshold control law of
AOC was defined by Ksat ¼ 0V=nm and Kþsat ¼ 0:47V=nm.
The approaching gain Ksat was set to zero because in this
case the sample stiffness is pretty high and therefore no addi-
tional benefits would be acquired by decreasing the free-
oscillation amplitude. When the threshold controller is
switched off, the topography of the calibration grating used
for the test (TGZ01 by NT-MDT) is reconstructed with
lower reliability, showing a wake on the falling edge of the
grating step. This behavior is quantified in Fig. 4 where the
AOC profile (solid line) is evidently faster in recovering the
contact with the sample, lost at the step edge, whereas the
AO profile (dashed line) shows slower dynamics, remaining
out of contact for a longer time.
IV. AO AND AOC IMAGING IN LIQUID
Switching from air to water gives rise to many issues
related to the density and viscosity of the medium. It is well
known that the standard tapping mode induces a coupling of
the cantilever dynamics with external mechanical resonances
that can be observed in the spectrum as a growing forest of
peaks (see the inset in Fig. 5). The optical excitation does
not suffer of this limitation because the excitation is directly
applied on the cantilever and the spectrum, presented in
Fig. 5, does not show any spurious effect.
The experimental results (solid line) are fitted by the
theory (dashed line, see the Appendix) clearly showing the
resonance peak at about  ¼ 5:3 kHz, together with an
increase for lower frequencies. This phenomenon, expected
by the theory, is related to the characteristics of the photo-
thermal effect whose response rises at small frequencies,
depending on the parameters of the heat diffusion in the
cantilever. To drive the dynamics away from this region,
avoiding the establishment of non-resonant self-excitation, a
high-pass filter at about 1kHz has been introduced in the AO
circuit.
FIG. 3. (Color online) TGZ01 calibration grating image obtained in air by
switching on (top) and off (bottom) the threshold controller. 5 5 lm
(256 256 pixels) image obtained with B0 ¼ 40 nm and set-point
Br ¼ 35 nm at a scan speed of 12lm=s (2Hz).
FIG. 4. (Color online) Comparison between line profiles obtained in air
with (AOC, solid line) and without (AO, dashed line) saturation control.
FIG. 2. (Color online) Frequency response in air of a cantilever excited in
opting. Experimental data (solid line) are fitted with the theoretical expecta-
tion (dashed line).
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An experiment similar to that reported in Sec. III for the
air environment has been executed to test the feasibility of
AOC imaging in liquid environments. Figure 6 presents the
outcome of the measurements obtained with a free oscilla-
tion amplitude of about B0 ¼ 4:6 nm and a set-point of
Br ¼ 4 nm (Br=B0 ¼ 0:87). The scanning rate was set to 1
line/s and the threshold controller gains were defined as
Ksat¼ 0V=nm and Kþsat¼ 1:19V=nm. A test image was
acquired on the same TGZ01 calibration grating used for air
imaging, showing an even stronger beneficial effect of the
saturation controller on the topography reconstruction. This
effect is better quantified in the line profile comparison
reported in Fig. 7, where the settling time at the falling edge
of the topography is two to three times smaller for AOC than
for simple AO.
V. FINAL REMARKS
The realization of an optical excitation system on a cus-
tom AFM system gave the possibility to exploit the phenom-
enon of self-driven excitation for imaging applications in
liquid. This result opens the way to the implementation of
advanced imaging modes based on self-driven dynamics. In
particular, the effectiveness of the AOC saturation controller
was tested, showing the possibility of imaging a sample in
water with very low interaction forces. Applied to the imag-
ing of biological samples, this “soft mode” in liquid will pro-
vide a significant enhancement, strongly reducing the
probability of damaging or altering the sample.
APPENDIX: THEORYOF THE PHOTOTHERMAL
EFFECT ON COATED CANTILEVERS
In this Appendix, we show a detailed calculation of the
photothermal-induced force distribution fphotðx; Þ used to
predict the frequency response of the cantilever, both in air
and in liquid. To simplify the treatment we introduce the fol-
lowing hypotheses:
• the force distribution is only dependent on the coordinate x
along the longer side of the cantilever beam;
• the spatial and temporal coordinates are separable, so that
the driving force can be written as fphotðx; tÞ ¼ f ðxÞgðtÞ,
i.e., we restrict the analysis to dynamical stationary
conditions;
• the temporal dependence of the driving force is sinusoidal,
as in our experimental setup;
• the region of the laser excitation is punctual.
The first and the latter hypotheses are justified by the
fact that the laser spot size is usually comparable with the
cantilever width W that, in turn, is far larger than the cantile-
ver thickness D and far smaller than the cantilever length L.
This implies that the temperature distribution is approxi-
mately uniform across the width and the thickness and,
therefore, one only needs to model temperature distribution
along the longer side of the cantilever. Within these settings,
taking into account W  L, the laser excitation can be con-
sidered as punctual.
The leading phenomenon produced by a laser focused
on a coated cantilever is the photothermal effect. The
intensity-modulated light, focused onto a region of the canti-
lever, produces a time-dependent temperature distribution
because of the absorption of optical energy that in turn indu-
ces a differential longitudinal stress across the cantilever
thickness. This effect causes significant bending in coated
FIG. 5. (Color online) Frequency response in water of a cantilever excited
in opting. Experimental data (solid line) are fitted with the theoretical expec-
tation (dashed line). The inset shows, as a comparison, the spectrum
obtained with acoustical excitation.
FIG. 6. (Color online) TGZ01 calibration grating image obtained in water
by switching on (top) and off (bottom) the threshold controller. 5 5lm
(256 256 pixels) image obtained with B0 ¼ 4:6nm and set-point
Br ¼ 4nm at a scan speed of 6lm=s (1Hz).
FIG. 7. (Color online) Comparison between line profiles obtained in water
with (AOC, solid line) and without (AO, dashed line) saturation control.
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cantilevers because of the difference in thermal expansion
coefficient of the bulk and the coating.
The first part of the Appendix is devoted to derive the
temperature profile along the cantilever caused by the local
periodic heating because of absorption of the optical energy.
In the second part, we evaluate the photothermal-induced
force distribution fphot.
The time-dependent temperature distribution Tðx; tÞ
induced by the modulation of laser intensity can be described
by the one-dimensional heat diffusion equation,30
@Tðx; tÞ
@t
¼ K @
2Tðx; tÞ
@x2
 bðTðx; tÞ  TambÞ; (A1)
where Tamb is the temperature of the cantilever surrounding
fluid and K and b are defined as
K ¼ jeff
cpeffqeff
;
b ¼ heff2ðW þ DÞ
cpeffqeffWD
:
Here, keff , qeff , cpeff , and heff indicate, respectively, the effec-
tive thermal conductivity, density, specific heat capacity, and
heat-transfer coefficient of the cantilever, defined by the fol-
lowing equations:
jeff ¼ j1D1 þ j2D2
D1 þ D2 ;
qeff ¼
q1D1 þ q2D2
D1 þ D2 ;
cpeff ¼
cp1D1 þ cp2D2
D1 þ D2 ;
heff ¼ h1D1 þ h2D2
D1 þ D2 ;
where the subscripts 1 and 2 denote, respectively, the coating
film and the substrate material.
Assuming that the temperature distribution oscillates at the
same frequency  of the laser-intensity modulation yields,
Tðx; tÞ ¼ Tamb þ T^ðxÞ expði2ptÞ; (A2)
and, by substituting Eq. (A2) in (A1), we obtain
@2T^ðxÞ
@x2
 bþ i2p
K
T^ðxÞ ¼ 0; (A3)
where T^ðxÞ denotes the (complex) temperature variation
with respect to the surrounding fluid. Moreover, imposing
that the heat conducted outward from the cantilever-free end
x ¼ L is equal to the one dissipated from the surface by free
convection:
@T^ xð Þ
@x
x¼L ¼ 
heff
jeff
T^ xð Þ
x¼L; (A4)
and that the temperature at the focusing laser position x ¼ x0
is T^0:
T^ xð Þ x¼x0 ¼ T^0
 ; (A5)
the solution of the Eq. (A3) can be written as:
T^ðxÞ ¼ T^0 exp f ðÞjx x0j½ 
þ rT^0 exp f ðÞðxþ x0  2LÞ½ ;
(A6)
where
f ðÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bþ i2p
K
r
:
The temperature distribution T^ðxÞ thus behaves as a damped
oscillation, in which the temperature exponentially decays
with the distance from the excitation position x0 with a com-
plex decay constant given by f ðÞ.
The second term of the solution (A6) represents the
reflected thermal wave at the cantilever-free end, whose
reflectivity coefficient r can be obtained by exploiting the
boundary condition (A4):
r ¼ heff þ f ðÞkeff
heff þ f ðÞkeff :
The quantity T^0 represents the amplitude of the thermal
wave and can be deduced by imposing a heat balance at
x ¼ x0. In fact, the optical power absorbed by the cantilever
must be equal to the heat loss. Here, three mechanisms of
heat loss are relevant: heat loss by conduction, heat absorp-
tion by the cantilever material, and heat loss across the sur-
face. The power lost by conduction is
P1 ¼ WDjeff @T x; tð Þ
@x
x¼x
0
  @T x; tð Þ
@x x¼x
þ
0

 
;
whereas the heat absorbed per unit time can be written as
P2 ¼ WDcpeffqeffDx
@T x; tð Þ
@t
x¼x0j ;
where Dx accounts for the beam spot size of the modulated laser
on the cantilever. Finally, the power loss across the surface is
P3 ¼ 2WheffDx T x; tð Þ x¼x0 Tambjð Þ:
The absorbed optical laser power, P0 ¼ P^0 expði2ptÞ, must
be equal to the total energy loss per unit time
P0 ¼ P1 þ P2 þ P3;
and imposing this balance provides an analytical expression
for the thermal wave amplitude T^0,
T^0 ¼ P^0
2Wðaþ bÞ ;
a ¼ Df ðÞkeff þ heffDxþ icpeffDpDxqeff ;
b ¼ rDx exp f ðÞð2x0  2LÞ½ ðheff þ icpeffDpqeffÞ:
As we can see from these calculations, the complex quanti-
ties r and T^0 are implicitly frequency dependent.
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Let us now turn the focus to the evaluation of the
photothermal-induced force distribution. The heat generated
by the laser beam produces a differential longitudinal stress
across the cantilever thickness because of the difference in
the thermal expansion coefficients of the cantilever bulk and
coating materials. The longitudinal stresses induced on the
coating and on the substrate material are, respectively,
r1 ¼ a1E1Tðx; tÞ z > 0
r2 ¼ a2E2Tðx; tÞ z < 0 ;
where z ¼ 0 identifies the interface between the coating and
the substrate, a is the thermal expansion coefficient, and E
indicates the Young modulus. The differential longitudinal
stress produces a bending moment given by
Mphotðx; tÞ ¼ cphotTðx; tÞ;
cphot ¼ W
2
ðD1E1a1ðD1  2z0Þ  D2E2a2ðD2 þ 2z0ÞÞ;
where z0 is the neutral bending axis that is defined as
31
z0 ¼ 1
2
E1D
2
1 þ E2D22
E1D1  E2D2 :
Finally, the photothermal-induced bending moment allows
to evaluate the force distribution:
fphotðx; tÞ ¼  @
2Mphotðx; tÞ
@x2
:
Once the expression for the phothermal-induced force distribu-
tion is known, one can then obtain a prediction on the frequency
response of the cantilever by simply integrating this distribution
along each natural vibrational mode of the cantilever beam.20
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